Abstract. An expression for the production rate of 03, P(O 3), is derived based on a radical budget equation applicable to low and high NOx conditions. Differentiation of this equation with respect to NO or hydrocarbons (HC) gives an approximate analytic formula in which the relative sensitivity of P(O3) to changes in NO or HC depends only on the fraction of radicals which are removed by reactions with NOx. This formula is tested by comparison with results from a photochemical calculation driven by trace gas observations from the 1995 Southern Oxidants Study (SOS) campaign in Nashville, Tennessee.
Introduction
Early experience with photochemical smog in Los Angeles and other large urban areas led to the conclusion that O3 production during high O3 episodes was HC limited and that HC emission reductions were the most effective way of controlling 03. In recent years there has been a rethinking of the ozone control problem and an increased awareness that NOx is often the limiting factor, especially in non-urban regions [Sillman, 1990 [Sillman, , 1993 NRC, 1991 ] . While the optimum strategy for controlling 03 is still a matter of debate, it is clear is that the occurrence of NO x limited and hydrocarbon limited conditions at different times and places will have to be taken into account.
The sensitivity of P(O3) to changes in NO and HC is calculated in this study in two ways. First, from a steady state photochemical model driven by trace gas concentrations observed during the Middle Tennessee Southern Oxidants Study. Second, from a radical budget equation. The latter approach relies on arguments and approximations from Sillman (1995) , extended here to yield an analytic formula that explicitly gives the sensitivity of P(O3) to NO and HC. In this approximate formula, whether P(O 3) is NO x or HC limited is determined solely by the primary pathway for removing free radicals, a result which agrees with qualitative descriptions of 03 production [e.g., NRC, 1991 ]. As Sillman [1995] has noted the radical removal pathway also controls the value of one combination of "indicator species", namely [ For the purpose of illustrating the two approaches of calculating P(O3) and its derivatives, we rely on data collected during two flights in which the Nashville urban plume was sampled. These flights were conducted in the late morning and early afternoon of 7/15 and 7/18 with most of the data collected in the boundary layer at an altitude of about 500 m. Sampling was also done in the free troposphere, between 1700 and 2800 m on 7/15. Measurements on 7/15 were conducted under stagnation conditions with 03 concentrations reaching 120 ppb. On 7/18, there was well defined flow with 55 ppb 03 upwind of the city and about 80 ppb downwind. A wide range of chemical concentrations were encountered on these 2 days; NOx varied from 0.1 ppb above the boundary layer to 32 ppb in a power plant plume, and isoprene varied from below detection limit (2 ppt) to 3.3 ppb.
Steady state calculations similar to those described in Kleinman et al. [ 1997] were performed using as input the trace gas concentrations that were measured coincident with 13 hydrocarbon samples on 7/15 and 15 samples on 7/18. HCHO was not available on 7/18; the correlation between HCHO and 03 as determined from the other flights was used instead. Photolysis rate constants were calculated from an Eppley UV radiometer and a radiative transfer program [Madronich, 1987] as previously described [Kleinman et al., 1995] 
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Ozone is produced with nearly a 100% yield from the subsequent photolysis of NO2 and reaction of O atom with 02. The 03 production rate can therefore be expressed as
P(O3) -kt([HO2]+[RO2])[NO ]
where k t is a weighted average rate constant for (R1) and (R2) which can be defined to take into account nitrate formation in (R2), i.e.,
k t = kI([HO2]/([HO2+RO2]) -I-(1-•) k 2 [RO2]/([HO2+RO2]) (2)
Equation ( 
P(O3) = kt/(2kcff)l/2(Q-LR-Ls)l/2[NO] (6)
In previous studies we have evaluated 03 production rates using (6) under low NO x conditions where the term L N can be ignored [Kleinman et al., 1995 [Kleinman et al., , 1997 . In this study we include this term as we are interested in a wide range of conditions extending from low to high NO x. As in the low NO x case we will ignore the term LR as being small compared with peroxide formation. where k 5 is the rate constant for OH+NO2 --> HNO3 and production of RONO2 has been written in terms of an average nitrate yield, 8', using (R2). According to Sillman [1990] , the rate of 03 production can be approximated by the rate at which OH reacts with hydrocarbons (including CO): 
